The aim of the study was to determine the effect of carboxylesterase 1 (CES1) genetic variation on the activation of angiotensinconverting enzyme inhibitor (ACEI) prodrugs. In vitro incubation study of human liver, intestine and kidney s9 fractions demonstrated that the ACEI prodrugs enalapril, ramipril, perindopril, moexipril and fosinopril are selectively activated by CES1 in the liver. The impact of CES1/CES1VAR and CES1P1/CES1P1VAR genotypes and diplotypes on CES1 expression and activity on enalapril activation was investigated in 102 normal human liver samples. Neither the genotypes nor the diplotypes affected hepatic CES1 expression and activity. Moreover, among several CES1 nonsynonymous variants studied in transfected cell lines, the G143E (rs71647871) was a loss-of-function variant for the activation of all ACEIs tested. The CES1 activity on enalapril activation in human livers with the 143G/E genotype was approximately one-third of that carrying the 143G/G. Thus, some functional CES1 genetic variants (for example, G143E) may impair ACEI activation, and consequently affect therapeutic outcomes of ACEI prodrugs.
INTRODUCTION
Angiotensin-converting enzyme inhibitors (ACEIs) are among the most prescribed medications in the world, and are the cornerstone for the treatment of patients with hypertension, heart failure and chronic kidney diseases. The responses to ACEIs therapy vary significantly within individual patients. A meta-analysis concluded that relative to other antihypertensives, the use of ACEIs was associated with wider interindividual variations in systolic blood pressure. 1 In fact, target blood pressure was not achieved in approximately 50% of the intent-to-treat patients receiving ACEIs. [2] [3] [4] [5] [6] [7] Additionally, unacceptable side effects are commonly reported in patients treated with ACEIs. 8 The current clinical management of ACEI pharmacotherapy is largely based on an empirical 'trial and error' approach owing to the lack of reliable predictors of drug response. Therefore, there is a pressing need to identify the factors contributing to interindividual variability in responses to ACEI therapy.
With the exception of lisinopril and captopril, all ACEIs are formed as ester prodrugs to improve otherwise poor bioavailability. The activation of ACEI prodrugs is fundamental for successful ACEI pharmacotherapy because the active metabolites are 10-1000 times more potent on ACE inhibition compared with their respective parent compounds. Carboxylesterase 1 (CES1) is the major hydrolase in humans, contributing to 80-95% of total hepatic hydrolytic activity, 9 while carboxylesterase 2 (CES2), another primary hydrolase involved in drug metabolism in humans, attributes to the residual 5-20% activity in the liver. 10 CES1 and CES2 exhibit distinct substrate specificity, that is, CES1 is highly efficient for hydrolyzing the substrates with small alcohol group and large carboxyl group, whereas CES2 prefers to hydrolyze the esters with bulky alcohol group.
11 CES1-mediated hydrolysis is involved in the deactivation of many medications such as methylphenidate and clopidogrel. 12, 13 Additionally, CES1 is critical for the activation of a number of prodrugs such as oseltamivir and several ACEIs including trandolapril, benazepril, quinapril, temocapril, cilazapril, delapril and imidapril. [14] [15] [16] CES2 is the enzyme responsible for the metabolism of several ester medications, such as aspirin and irinotecan, but is not involved in the activation of several ACEI prodrugs studied previously. 15, 17, 18 CES1 is encoded by the CES1 gene. CES1 consists of 14 exons located on chromosome 16q13-q22.1. The CES1P1 gene is a nonfunctional pseudogene located in proximity with the CES1 gene. The CES1P1VAR is a functional variant of CES1P1, which is identical to the CES1 gene except the differences of five nucleotides in the exon 1. The CES1P1VAR encodes for the same protein as the CES1 gene. Interestingly, the exon 1 of CES1 gene can be converted to that of CES1P1VAR resulting in the CES1 variant CES1VAR. 19 The CES1 and CES1P1 gene structures and nomenclature were illustrated in the Supplementary Figure S1 . It has been speculated that the CES1/CES1VAR and CES1P1/ CES1P1VAR genotypes could affect expression levels of CES1, and consequently affect the metabolism of CES1 substrate drugs. However, the findings from the published studies were inconsistent or even contradictive. 20, 21 Besides the CES1/CES1VAR and CES1P1/CES1P1VAR genotypes, over 1000 single nucleotide polymorphisms (SNPs) have been identified in the coding and non-coding regions of CES1 gene. Some of these variants, such as the G143E (rs71647871) originally discovered in our laboratory, markedly affected CES1 activity, 13, 15, 22, 23 and significantly altered pharmacokinetics and/or pharmacodynamics of several drugs metabolized by CES1, including methylphenidate, clopidogrel and oseltamivir.
In the present study, we demonstrated that hepatic CES1 is the enzyme responsible for the activation of the ACEI prodrugs enalapril, ramipril, perindopril, moexipril and fosinopril. We then assessed the effect of the CES1/CES1VAR and CES1P1/CES1P1VAR genotypes, diplotypes and several selected CES1 nonsynonymous SNPs on the activation of ACEI prodrugs utilizing transfected cell lines and a large set of individual human liver samples.
MATERIALS AND METHODS Materials
Enalapril maleate, moexipril hydrochloride, perindopril erbumine and 5-hydroxy omeprazole were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fosinopril sodium salt and ramipril were products from Toronto Research Chemicals (Toronto, Canada). The enalapril hydrolytic metabolite enalaprilat dehydrate was purchased from Sellechchem (Houston, TX). The hydrolytic metabolites of other tested ACEI prodrugs including ramipril, perindopril, moexipril and fosinopril were obtained via incubation of the parent compounds (100 μM, 30 μM, 40 μM and 40 μM, respectively) with the cell s9 fractions (10 mg protein ml − 1 ) prepared from the transfected cells stably expressing wild-type (WT) CES1. 23 The hydrolytic reactions for ramipril, perindopril, moexipril and fosinopril were completed at 37°C in 20 min, 1 h, 24 h and 24 h, respectively. The completion of the CES1-mediated biotransformation of those ACEI prodrugs was confirmed by monitoring the reduction of the parent compounds via an high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) analysis. Pooled human liver s9 fractions (HLS9), human intestine s9 fractions (HIS9) and human kidney s9 fractions (HKS9) were obtained from XenoTech LLC (Lenexa, KS, USA). CES1 antibody was the product from Abcam (Cambridge, MA, USA). Taq polymerase and MseI restriction endonuclease were obtained from New England Biolabs (Ipswich, MA, USA). All other chemicals and agents were of the highest analytical grade commercially available.
A total of 102 individual normal human liver samples were obtained from the XenoTech LLC and the Cooperative Human Tissue Network (CHTN, Columbus, OH, USA). The liver samples consist of 46 males and 56 females with ages ranging from 22 to 81 years. The donors included 92 Caucasians, 6 African-Americans, 2 Hispanics and 2 classified as 'others'.
Preparation of human liver S9 fractions
To prepare individual HLS9 samples from 102 human liver tissues, approximate 200 mg frozen tissues were sliced into 1 × 1 × 1 mm pieces, and homogenized in 0.5 ml ice-cold phosphate-buffered saline (PBS) in 1.5 ml microcentrifuge tubes using microcentrifuge pestle (VWR International LLC, Chicago, USA). The homogenate was centrifuged for 20 min at 9000 g at 4 ℃, followed by the removal of fats on the top layer. The S9 fractions were then transferred to new centrifuge tubes for centrifugation at 9000 g at 4 ℃ for another 20 min. 27 The remaining fats were carefully removed, and the S9 fractions were collected and diluted to 2 mg ml − 1 with PBS. Pooled HLS9 samples from these 102 liver tissues were prepared by mixing an aliquot (20 μl) from each of HLS9 (2 mg ml − 1 ) samples. The HLS9 samples were stored at − 80 ℃ until use.
CES1 genotyping
Total genomic DNA was extracted from 102 human liver tissues with Pure Link Genomic DNA Mini Kit (Life technology, Austin, TX, USA) according to the manufacturer's instruction. The CES1 and CES1VAR genes differ in a set of variants located in the exon 1 of the genes. 21 To determine CES1/ CES1VAR genotypes, PCR was carried out to amplify the exon 1 of the CES1 and CES1VAR genes using the PCR conditions and primers outlined in the Supplementary Table S1 and Supplementary Table S2 . The PCR products were purified with Pure Link Quick PCR Purification Kit (Life technologies), then subjected to Sanger sequencing. The first batch of 10 samples were bidirectionally sequenced using the same primers for the PCR reactions (Supplementary Table S2 ). The data form the two sequencing directions were in full agreement with each other. Thereafter, the samples were sequenced using the forward primers.
It is challenging to determine the CES1P1/CES1P1VAR genotypes owing to high similarity of DNA sequences between the CES1 and CES1P1 genes. A restriction fragment length polymorphism (RFLP) method was developed and utilized for the determination of CES1P1/CES1P1VAR genotypes in two previously published studies. 21, 28 This assay was based upon the differences of several nucleotides in the exon 5 between the CES1P1 and CES1P1VAR (Supplementary Figure S2) . However, the CES1P1 genotype is defined by the presence of a stop codon in exon 3 of the gene, and the stop codon cannot be directly detected by this RFLP assay. Though the authors claimed that the nucleotides for differentiating CES1P1 from CES1P1VAR are in complete linkage with the CES1P1 stop codon, 21 we feel that the assay needs to be validated independently. Accordingly, we developed a novel RFLP CES1P1/CES1P1VAR genotyping method by taking advantage of the differences of exon 3 between the CES1P1 and CES1P1VAR. In brief, a set of primers were designed based on the shared sequences flanking the exon 3 of the CES1, CES1VAR, CES1P1 and CES1P1VAR genes for the amplification of the exon 3 where the stop codon of CES1P1 resides. Thus, the PCR products contain the exon 3 of all four genes if present. The primers sequences and PCR conditions were summarized in the Supplementary Tables S1 and S2. The digestion of the PCR products with the restriction endonuclease MseI at 37°C for 1 h yielded 359 and 130 bp fragments for the CES1, CES1VAR and CES1P1VAR genes, and 246 and 243 bp fragments for the CES1P1 gene. The purified digestions (10 μl) were electrophoresed on 2% agarose gel and visualized by ethidium bromide staining. The 246 and 243 bp fragments were observed as a single band under the present experimental conditions. The ratios of the band intensities of the 246/243 bp to the 359 bp fragments were quantified and normalized for the fragment lengths for the determination of CES1P1/CES1P1VAR genotypes. The ratios of 246/243 bp to 359 bp bands are 1:0.7 and 1:2.2 for CES1P1/CES1P1 and CES1P1/ CES1P1VAR, respectively, while the 246/243 band is absent for the CES1P1VAR/CES1P1VAR genotype. The RFLP assay is illustrated in details in the Supplementary Figure S3 . Additionally, all liver samples were genotyped for the CES1P1/CES1P1VAR genotypes using the previous exon 5-based RFLP assay for cross validation of the two genotyping methods. 21, 28 Briefly, the exon 5 was amplified with the primers (CES1/1P1-int4F and CES1/1P1-int5R) under the thermocycling conditions summarized in Supplementary Table S1 (C) and Supplementary Table S2 . The PCR products were incubated with PvuII restriction endonuclease at 37°C for 8 h for complete digestion of CES1P1 PCR products. The CES1P1/ CES1P1VAR genotypes were discriminated based on the different ratios of the intensities of the 407 bp to 248 bp bands (Supplementary Figure S2) . According to the combination of CES1/CES1VAR and CES1P1/CES1P1VAR genotypes, four CES1 and CES1P1 haplotypes were designated as haplotypes A to D (Supplementary Figure S1) , which form 10 possible diplotypes (Table 1) .
To determine the G143E genotypes, the exon4 of CES1 were amplified with the experimental conditions and primers described in the Supplementary Table S1 and Supplementary Table S2 . The PCR products were purified with Pure Link Quick PCR Purification Kit (Life technologies), then Table 1 . Inferred diplotypes based on CES1/CES1VAR and CES1P1/CES1P1VAR genotypes Number of  functional Genes   2  3  2  3  4  3  4  2  3  4 Note: The diplotypes A/D and B/C share the same genotypes CES1/CES1VAR and CES1P1/CES1P1VAR and cannot be differentiated under the present experimental conditions. CES1 variation affects ACE inhibitor activation X Wang et al subjected to Sanger sequencing to determine the presence of the variant utilizing the same PCR primers indicated in the Supplementary Table S2 .
Western blot studies
Western blot studies were conducted to determine CES1 expression levels in individual human liver tissues. Protein concentrations of HLS9 samples were measured using a Pierce BCA assay kit (Rockford, IL, USA). The expression of CES1 in individual human liver S9 fraction samples was determined using a western blot assay similar to that we published previously, 15 with the exception that, instead of β-action expression, total protein staining (Pierce reversible protein stain kits, Thermo Scientific, Rockford, IL, USA) was performed to ensure that equal amounts of proteins were loaded for analysis as our preliminary study demonstrated significant interindividual variability in β-action expression in some human liver samples. Pooled HLS9 samples with total protein amounts ranging from 0.2 to 3.75 μg were included in each run for semi-quantification of CES1 expression to control for inter-blot variations.
Hydrolysis of enalapril, ramipril, perindopril, moexipril and fosinopril by human liver, intestine and kidney s9 fractions An incubation study was conducted to assess the enzymatic activity of HLS9, HIS9 and HKS9 on the hydrolysis (activation) of enalapril, ramipril, perindopril, moexipril and fosinopril. Preliminary studies revealed significant nonspecific bindings of enalapril and enalaprilat to plastic test tubes. Therefore, the enalapril incubation experiment was carried out in 4 ml silanized glass vials, while the other four ACEIs were incubated in 1.5 ml Eppendorf tubes. The parent compound solutions were freshly prepared in PBS (pH 7.4) at a concentration of 200 μM, and s9 fraction samples were diluted in PBS as well. − 1 for enalapril, ramipril, perindopril, moexipril and fosinopril, respectively. After incubation at 37°C for 10 min (enalapril, ramipril and moexipril) or 5 min (perindopril and fosinopril), the reactions were terminated by adding a fourfold volume of methanol containing analytical internal standards. The internal standards for the analysis of enalaprilat, moexiprilat and fosinoprilat were 5-hydroxy omeprazole (10 ng ml − 1 ), fosinoprilat (50 ng ml − 1 ) and moexiprilat (50 -ng ml − 1 ), respectively. Enalaprilat (35 ng ml − 1 ) was used as the internal standard for the analysis of both ramiprilat and perindoprilat. A preliminary experiment confirmed that the formation of active metabolites was linear with the concentrations of HLS9 (0.1-1.0 mg ml
) and the incubation times (5-10 min). Following the addition of methanol, the samples were vortexed briefly, and then centrifuged at 13 200 r.p.m. at 4°C for 20 min to remove precipitated proteins. The supernatant was collected and analyzed for the concentrations of the active metabolites enalaprilat, ramiprilat, perindoprilat, moexiprilat and fosinoprilat utilizing the HPLC-MS/MS methods described below.
To determine CES1 activity in 102 individual human liver samples, the s9 fractions prepared from those samples were incubated with enalapril at 37°C for 10 min. The final concentrations of the HLS9 and enalapril were 0.5 mg ml − 1 and 500 μM, respectively. Following incubation, the reactions were terminated, and the concentrations of the metabolite enalaprilat were determined using the aforementioned methods.
Hydrolysis of enalapril, ramipril, perindopril, moexipril and fosinopril by WT CES1 and the variants G19V, S83L, G143E and A270S
The established cell lines stably expressing WT CES1 as well as the variants G19V, S83L, G143E and A270S were used to investigate the effect of those CES1 nonsynonymous variants on ACEI activation. 23 Cells transfected with vector plasmid were included as negative control. The s9 fractions of the transfected cells were prepared according to a previously described method. 13, 15 To demonstrate the effect of the variant G143E on the hydrolysis of enalapril, ramipril, perindopril, moexipril and fosinopril, the in vitro hydrolysis experiments were performed utilizing the methods similar to that of the HLS9 incubation study described above except that the incubation time for ramipril and moexipril was adjusted to 5 min, and the s9 concentrations for the kinetic studies of ramipril, moexipril and fosinopril were 0.05, 0.1 and 0.1 mg ml − 1 , respectively. The influence of other three CES1 SNPs, G19V, S83L and A270S, on enalapril activation was evaluated by comparing their catalytic activities on the hydrolysis of enalapril (500 μM) to that of the WT CES1. CES1-specific activity was calculated by subtracting non-enzymatic hydrolysis of the prodrugs observed after incubation with the vector cell s9 fractions.
HPLC-MS/MS assay
HPLC-MS/MS assays were developed to determine the concentrations of the ACEI active metabolites enalaprilat, ramiprilat, perindoprilat, moexiprilat and fosinoprilat based on previously published methods with some modifications. [29] [30] [31] [32] [33] The HPLC-MS/MS system consists of a Shimadzu HPLC system (Columbia, MD, USA) and an Applied Biosystems API 4000 QTRAP mass spectrometer (Foster City, CA, USA). The analytes were separated on a reverse phase column (Restek, Bellefonte, PA, USA, Ultra II C18, 2.0 × 150 mm, 5 micron). A constant flow rate (0.3 ml min − 1 for enalapril, ramipril, moexipril and fosinopril and 0.4 ml min − 1 for perindopril) was applied using the gradient conditions summarized in the Supplementary  Table S3 . Column temperature was set at 50°C for enalaprilat and ramiprilat, 65°C for perindoprilat, and 55°C for moexiprilat and fosinoprilat. An injection volume of 10 μl was used for all analytes.
Ionization was achieved via positive electrospray ionization mode, and ions were monitored by multiple reaction monitoring using the following m/z transitions: enalapril (377. The methods were validated for precision and accuracy by analyzing blank samples spiked with the analytes at three concentrations; the precision (CV%) was o11%, and the accuracy was 89.8-103.2% for all analytes.
Data analysis
Data are presented as mean ± s.d. of triplicated independent experiments. Data were fit to the Michaelis-Menten equation for the analysis of the kinetic parameters K m and V max via nonlinear regression analysis. Apparent intrinsic clearance (Cl int ) was calculated as the ratio of V max to K m . MannWhitney test, one-way analysis of variance and linear regression analysis were utilized to analyze the differences of CES1 expression and activity between genotypes, among diplotypes, and the correlation between CES1 expressions and activities, respectively (Graphpad Prism software version 6.0; Graphpad Software, San Diego, CA, USA). The western blot results were semi-quantified with VisionWorks LS program (UVP, LLC, Upland, CA, USA).
RESULTS
Enalapril, ramipril, perindopril, moexipril and fosinopril were hydrolyzed to their respective metabolites by human liver but not intestine and kidney s9 fractions The incubation of the tested ACEI prodrugs with different concentrations of human liver, intestine and kidney s9 fractions demonstrated that enalapril, ramipril, perindopril, moexipril and fosinopril were efficiently hydrolyzed to their respective active metabolites by human liver but not intestine or kidney s9 fractions (Figure 1 ). The formation of the active metabolites increased in proportion to the increase of the concentrations of HLS9. No appreciable activation of the tested ACEI prodrugs was observed after incubation with various concentrations of HIS9 and HKS9. To evaluate hydrolytic activity in the HIS9 and HKS9 samples, p-nitrophenyl acetate was included as the positive substrate in the incubation study under the same conditions for ACEI prodrugs. As expected, p-nitrophenyl acetate was readily hydrolyzed to its metabolite p-nitrophenol following the incubation (Supplementary Figure S4) . In humans, CES1 is the most abundant hydrolase expressed in the liver, 9 but is absent in the intestine and CES1 variation affects ACE inhibitor activation X Wang et al kidney where CES2 is the predominant hydrolytic enzyme. 34 Thus, the data suggest that CES1 but not CES2 is the enzyme responsible for the activation of the ACEI prodrugs tested. The kinetic data of hydrolysis of the ACEI prodrugs catalyzed by HLS9 fit well to the Michaelis-Menten kinetic equation (Figure 2) . The kinetic parameters including V max , K m , and Cl int (V max /K m ) of enalapril, ramipril, perindopril, moexipril and fosinopril were summarized in Table 2. CES1 protein expression and activity in human livers did not differ among CES1/CES1VAR and CES1P1/CES1P1VAR genotypes and diplotypes A total of 102 human liver samples were genotyped for the CES1P1/CES1P1VAR genotypes using both the previously published exon 5-based RFLP genotyping assay 21, 28 and our novel exon 3-based RFLP method. The genotyping results from the two methods were in agreement with each other except for two samples which might be due to random experimental errors. Thus, both RFLP methods are valid for genotyping CES1P1/CES1P1VAR. The two samples with inconclusive CES1P1/CES1P1VAR genotypes were excluded from the final data analysis of the studies involving the CES1P1/CES1P1VAR genotypes. The frequencies of CES1/ CES1VAR and CES1P1/CES1P1VAR genotypes as well as the diplotypes in 92 Caucasian human liver donors were summarized in Table 3 . The frequencies in other populations were not determined owing to the small sample size (eight in total). We first assessed the potential function of the CES1/CES1VAR genotypes using the 102 normal human liver samples. Marked interindividual variability of CES1 protein expression and activity on enalapril hydrolysis was observed among the individuals tested in the present study (Figures 3 and 4) . CES1 expression and activity were found to be comparable among the CES1/CES1, CES1/ CES1VAR and CES1VAR/CES1VAR genotypes (Figure 3a) . To avoid potential confounding effect of CES1P1/CES1P1VAR genotypes, we further analyzed the expression and activity data obtained from CES1P1 homozygotes (that is, CES1P1/CES1P1). Again, the CES1/CES1VAR genotypes were not associated with the variability in CES1 expression and activity in the human livers tested (data not shown). Secondly, we evaluated whether the conversion of the pseudogene CES1P1 to the functional CES1P1VAR gene affects CES1 expression and/or activity in human livers. Interestingly, no Figure 1 . Hydrolysis (activation) of enalapril (a), ramipril (b), perindopril (c), moexipril (d) and fosinopril (e) by human liver, intestine and kidney s9 fractions. The ACEI prodrugs (100 μM) were incubated with three different concentrations of HLS9, HIS9 and HKS9. Catalytic activity was determined based on the formation of respective hydrolytic products. Data are expressed as mean ± s.d. from three independent experiments. significant differences in CES1 expression and activity on enalapril activation were observed between the CES1P1/CES1P1, CES1P1/ CES1P1VAR and CES1P1VAR/CES1P1VAR genotypes (Figure 3b) . Moreover, to study the impact of CES1 and CES1P1 diplotypes on the CES1 function, the samples were classified into nine diplotypes for the analysis of the expression and activity of CES1. There were no significant differences in CES1 expression and activity within the diplotypes as analyzed by one-way analysis of variance (expression: P = 0.726; activity: P = 0.549, Figure 4 ).
Enzymatic activity of CES1 and its variants G19V, S83L, G143E and A270S on the activation of ACEIs Enalapril, ramipril, perindopril, moexipril and fosinopril were readily hydrolyzed to their respective active metabolites by WT CES1 in an enzyme concentration-dependent manner. However, active metabolites of all tested ACEI prodrugs were not detected after the incubation with the CES1 variant G143E ( Figure 5 ). The calculated Cl int (V max /K m ) values were higher for the s9 fractions prepared from the WT CES1 expressing cells relative to that observed in the HLS9 incubation studies (Table 2 ). This might be due to different CES1 expression levels between these two CES1 variation affects ACE inhibitor activation X Wang et al enzyme preparations. The kinetic study confirmed that the G143E was a loss-of-function variant for catalyzing the hydrolysis of those ACEI prodrugs under the experimental conditions ( Figure 6 ). Additionally, consistent with our previous in vitro clopidogrel and methylphenidate hydrolysis studies, 13 the activity of the variants G18V, S82L and A269S on enalapril hydrolysis was comparable with WT CES1 (Figure 7 ).
Activation of enalapril was impaired in human livers carrying the CES1 SNP G143E To further examine the influence of the CES1 variant G143E on the activation of ACEI prodrugs in human, we sequenced the CES1 exon4 region of 102 individual human liver samples for the G143E genotypes, and measured CES1 expression and activity on enalapril hydrolysis. Five subjects were determined to be 143G/E genotype while the others were non-carriers (that is, 143G/G), which gives a minor allele frequency of 2.5% for this variant, an observation consistent with our previous study. 23 The CES1 SNP G143E was associated with significantly decreased enalapril activation rates (55.4 ± 37.3 (G/G) vs 20.8 ± 4.9 (G/E) pmole min − 1 per mg protein, P = 0.0074), while CES1 protein expression levels were comparable between the two genotypes ( Figure 8 ). DISCUSSION CES1 and CES2, the primary CESs in humans, are the major hydrolases catalyzing the metabolism of many clinically important medications. CES1 is the predominant CES expressed in the liver whereas absent in the intestine in humans. In contrast, human CES2 is highly expressed in the intestine, but only accounts for approximate 10% hepatic hydrolytic activity. 9, 35 In addition, human kidney contributes to the hydrolytic metabolism of a number of ester-containing medications to a less extent than the liver and intestine. 36 CES1 expression in human kidney was considered extremely low, and 95% renal hydrolytic activity was due to CES2 according to a recently published in vitro investigation. 34 Because of these distinct expression patterns of CES1 and CES2 in human liver, intestine and kidney, the microsomes or s9 fraction samples prepared from those tissues can serve as a valid in vitro model to determine substrate specificity of CES1 and CES2. 15 In this study, hydrolytic activation of enalapril, ramipril, perindopril, moexipril and fosinopril was determined after incubation with the s9 fractions of human liver, intestine and kidney. All five tested ACEI prodrugs were readily hydrolyzed to their respective active metabolites by HLS9. However, no appreciable active metabolites were formed after incubation with HIS9 or HKS9, indicating that human liver but not the intestine or kidney is the site where ACEI prodrug activation occurs. Thus, enalapril, ramipril, perindopril, moexipril and fosinopril are the substrates of CES1 instead of CES2, a finding in line with previous reports from our laboratory and others showing that other ACEI prodrugs including trandolapril, benazepril, quinapril, temocapril, cilazapril, delapril and imidapril were efficiently activated by CES1. 14, 15 Moreover, the data are in agreement with the substrate selectivity of CES1, that is, CES1 prefers substrates with a small alcohol group and a large acyl group (Supplementary Figure S6) . On the basis of the calculated Cl int values, the order of the efficacy of CES1-mediated hydrolysis is: ramipril4perindopril4enalapril, moexipril and fosinopril. During the process of preparing this report, Thomsen and colleagues 17 reported that the activation of ramipril and enalapril were catalyzed by CES1 in an incubation study with purified CES1 and CES2 enzymes. Consistent with our findings, the study suggested that ramipril was a more efficient CES1 substrate relative to enalapril.
Significant interindividual variability of CES1 expression and activity has been consistently reported by independent investigators. 16, 28, 37 Varied CES1 function may lead to marked interindividual variability in pharmacokinetics of many drugs metabolized by CES1, and consequently affect therapeutic outcomes of those medications. Genetic variation is increasingly recognized as a major contributing factor to CES1 variability. In the present study, we determined the effects of CES1/CES1VAR and CES1P1/CES1P1VAR genotypes and diplotypes on CES1 expression and activity on ACEI prodrug activation in 100 human liver tissues. No significant differences in CES1 expression and activity have been observed among the CES1/CES1, CES1/CES1VAR and CES1VAR/CES1VAR genotypes. To avoid potential interference of CES1P1/CES1P1VAR with CES1/CES1VAR genotypes on CES1 function, we reanalyzed the data only from subjects carrying homozygous CES1P1. Again, the expression and activity of CES1 were comparable between the CES1/CES1VAR genotypes. The data are in agreement with the fact that the CES1 and CES1VAR genes encode for identical protein product and share same promoter structure. Our results were also consistent with the previous clinical observation that the metabolism of the CES1 substrate oseltamivir were not significantly different in healthy subjects with different CES1/CES1VAR genotypes. 20 Thus, CES1/ CES1VAR genotypes are unlikely a factor contributing to varied CES1 function in human liver.
The CES1P1VAR is a variant of the pseudogene of CES1P1, and encodes for the same protein product of the CES1 gene. It has been speculated that the presence of the CES1P1VAR may enhance the expression of CES1 as a result of extra functional gene copies in addition to two copies from CES1/CES1VAR genes (that is, total function gene copies for CES1 expression: CES1P1/ CES1P1: 2, CES1P1/CES1P1VAR: 3; CES1P1VAR/CES1P1VAR: 4). However, our study showed that the CES1P1/CES1P1VAR genotypes were not associated with CES1 expression and activity on enalapril activation in 100 human liver samples. The lack of contribution of the CES1P1VAR to total CES1 expression is likely due to the fact that the transcription efficiency of the CES1P1VAR is only 2% of the CES1 gene in the liver. 28 Consistent with our findings, a clinical pharmacokinetic study indicated that the conversion of the pseudogene CES1P1 to the functional CES1P1-VAR gene did not affect the pharmacokinetics of oseltamivir in healthy volunteers. 20 In a study in Japanese cancer patients Influence of CES1 diplotypes on CES1 activity on enalapril activation (left) and CES1 expression (right) in human liver samples (n = 100). Divided by the middle dotted line, the activity data were plotted with the left y axis, while the expression levels were plotted with the y axis on the right. CES1 protein expression was semi-quantified using total protein staining as the loading control. Horizontal bars represent mean values in each group.
CES1 variation affects ACE inhibitor activation X Wang et al receiving irinotecan therapy, the median AUC ratios of the metabolites SN-38 and SN-38G to the parent compound were 24% higher in CES1P1VAR heterozygous and homozygous patients relative to those with CES1P1/CES1P1 genotype. 21 However, it should be noted that CES2 is believed to have a greater role in the metabolism of irinotecan than CES1. 38 Thus, it is unclear whether the ratio of (SN-38+SN38G)/irinotecan is a reliable indicator of CES1 activity in vivo. Furthermore, we demonstrated that the expression and activity of CES1 did not differ significantly among various diplotypes of the CES1 and CES1P1 genes in 100 human livers, providing additional evidence suggesting the CES1/ CES1VAR and CES1P1/CES1P1VAR genotypes are not associated with interindividual variability in CES1 function.
Beyond the CES1/CES1VAR and CES1P1/CES1P1VAR genotypes and diplotypes, several CES1 nonsynonymous SNPs including the G19V, S83L, G143E and A270S were studied for their potential impact on ACEI prodrug activation in vitro. The SNP G143E is the first clinically significant CES1 variant, originally identified in a methylphenidate poor metabolizer during a healthy volunteer methylphenidate pharmacokinetic study. 23 The minor allele frequencies of the G143E was determined to be 3.7, 4.3, 2.0 and 0% in White, Black, Hispanic and Asian populations, respectively.
23
In vitro function study demonstrated that the G143E is a loss-offunction variant for the metabolism of several CES1 substrates including methylphenidate, trandolapril and clopidogrel, while retaining approximate 25% of catalytic activity towards the hydrolysis (activation) of oseltamivir relative to the WT enzyme. 13, 15, 22, 23 Accordingly, the magnitude of the impact of the G143E on drug metabolism may vary depending on different substrates. For instance, the mean C max value of oseltamivir carboxylate in 143E heterozygotes was 17.5% lower than that in non-carriers, 26 whereas the concentrations of clopidogrel active metabolite were approximately 60% higher in patients carrying heterozygous 143E relative to patients with 143GG genotype. 24 It is noted that, instead of acting as a prodrug-activating enzyme, as seen in the cases of ACEIs, dabigatran and oseltamivir, CES1 is the enzyme responsible for the deactivation of clopidogrel and its active metabolite. 13 Therefore, loss-of-function CES1 variants (for example, G143E) and CES1 inhibition could lead to the increase of the formation of clopidogrel active metabolite. 13, 24 The data from the cell lines stably expressing the G143E demonstrate that the G143E is a loss-of-function variant for the activation of all five tested ACEI prodrugs. Additionally, the CES1 activity on enalapril activation in human liver samples with 143G/E genotype was approximately one-third of that in subjects carrying the 143G/G, while the expression of CES1 was similar between these two genotypes. Therefore, the patients carrying the 143E allele may experience difficulty of converting ACEI prodrugs to active metabolites. The correlation between CES1 expression and activity was analyzed in the 102 human liver samples. In general, the enalapril activation rates were significantly correlated with CES1 protein expression levels (R 2 = 0.40, P o0.0001) (Supplementary Figure S5) . However, some G143E non-carriers exhibited null CES1 activity towards enalapril activation even though CES1 expressions in these samples were comparable with pooled HLS9 (Figure 8 ). Besides enalapril, trandolapril, another ACEI prodrug selectively activated by CES1, was also tested for its activation in the 102 human liver samples. The trandolapril data were highly consistent with that from the enalapril study (Supplementary Figure S7) . The null CES1 samples identified from the enalapril study were also inactive on trandolapril hydrolysis. On the other hand, the samples with complete loss of CES1 activity were found to exhibit normal Activation of enalapril by CES1 and its variants G19V, S83L, A270s and G143E. Enalapril (500 μM) was incubated with the s9 fractions prepared from the wild-type (WT) CES1 and the variants (G143E, G19V, S83L and A270s)-transfected cells. Activation rate was determined by measuring the formation of the hydrolytic metabolite enalaprilat. Data are expressed as means ± s.d. (n = 3). ****Po0.0001 (G143E vs WT CES1).
CES1 variation affects ACE inhibitor activation X Wang et al catalytic activity of other drug-metabolizing enzymes including CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4, suggesting that the null CES1 activity is not related to sample integrity (data not shown). The data strongly indicate that other unknown nonsynonymous functional CES1 variants may exist. The common CES1 variants G19V, S83L and A270S are predicted by the in silico programs SIFT and Polyphen2 to have a potential damaging effect on CES1 enzymatic function. However, the catalyzing activity of the G19V, S83L and A270S on the activation of enalapril was comparable with the WT CES1 indicating that variants G19V, S83L and A270S are nonfunctional SNPs for enalapril activation, which is consistent with our previous study of clopidogrel and methylphenidate metabolism by those three CES1 variants. 13 Beyond CES1 nonsynonymous variants, many CES1 SNPs have been discovered in the promoter and other regulatory regions of the gene. Geshi and co-workers 39 reported that the − 816 A4C, a SNP located in the promoter region of CES1P1 gene, was associated with significantly greater response to the ACEI prodrug imidapril. Additionally, the − 816C allele was found to be associated with significantly lower antiplatelet activity of clopidogrel in patients with coronary heart diseases. 40 Both studies suggest that − 816C carriers may exhibit higher expression of CES1, and thus represent the phenotype of rapid metabolizers of CES1 substrates. However, a recently published clinical investigation showed that the − 816 A4C was associated with greater response to the antiplatelet activity of clopidogrel in patients undergoing percutaneous coronary intervention, 41 indicating that CES1 expression is impaired in the − 816C carriers, which is contrary to the previous imidapril and clopidogrel studies. Of note, the CES1P1 gene, in which the − 816 A4C resides, appears unlikely to significantly contribute to hepatic CES1 expression in humans, 28 given that the CES1P1 is a pseudogene and the transcription efficiency of CES1P1VAR is only 2% of that of CES1 in the liver. Importantly, our present in vitro human liver studies have revealed that CES1P1/CES1P1VAR genotypes did not significantly affect CES1 expression and activity on enalapril hydrolysis. Thus, the function and clinical significance of the − 816 A4C variant warrant further investigation.
Two recently published studies examined clinical significance of the variant − 75T4G (rs3815583) located in the 5'-untranslated region of CES1. 42, 43 Though preliminary, the studies support that the G allele is associated with hepatotoxicity of isoniazid in patients with latent tuberculosis infection, 43 and the increased side effects on appetite reduction in attention deficiency hyperactive disorder patients treated with methylphenidate. 42 However, the effect of the − 75T4G variant on CES1 expression and/or activity remains unexplored.
In summary, we have demonstrated that the ACEI prodrugs enalapril, ramipril, perindopril, moexipril and fosinopril are activated in the liver by CES1. For the first time, we revealed that CES1/CES1VAR and CES1P1/CES1P1VAR genotypes and diplotypes have no significant effect on CES1 expression and ACEI activation in human livers. Additionally, the CES1 SNP G143E is a loss-of-function variant for the activation of the five tested ACEIs, while the G18V, S82L and A269S are non-functional variants for enalapril activation. Thus, the G143E and other functional CES1 variants could impair ACEI prodrug activation, resulting in the therapeutic failure of ACEI prodrug treatment. Furthermore, patients with functional CES1 variants may experience unexpected adverse effects as a result of excessive accumulation of parent compounds of ACEI prodrugs secondary to impaired CES1 function. To date, more than 1000 CES1 genetic variants have been identified and registered in various databases, however, the majority of these variants have not been studied for their function yet. A comprehensive study of CES1 pharmacogenetics will allow us to better understand individual variability of CES1 expression and activity, and eventually develop CES1 pharmacogeneticsbased personalized medicine to improve therapeutic outcomes of Figure 8 . Comparison of hepatic CES1 activity and expression between the G143E heterozygotes and non-carriers. CES1 activity on enalapril activation was impaired in the subjects with 143G/E genotype while the expressions were comparable between the two genotypes in 102 human livers. Total protein staining was used as the loading control for the CES1 protein expression assay. ** P o0.01, G143E heterozygotes (G/E) vs non-carriers (G/G).
